Artemisinins are the cornerstone of anti-malarial drugs 1 . Emergence and spread of resistance to them [2] [3] [4] raises risk of wiping out recent gains achieved in reducing worldwide malaria burden and threatens future malaria control and elimination on a global level. Genome-wide association studies (GWAS) have revealed parasite genetic loci associated with artemisinin resistance [5] [6] [7] [8] [9] [10] . However, there is no consensus on biochemical targets of artemisinin. Whether and how these targets interact with genes identified by GWAS, remains unknown. Here we provide biochemical and cellular evidence that artemisinins are potent inhibitors of Plasmodium falciparum phosphatidylinositol-3-kinase (PfPI3K), revealing an unexpected mechanism of action. In resistant clinical strains, increased PfPI3K was associated with the C580Y mutation in P. falciparum Kelch13 (PfKelch13), a primary marker of artemisinin resistance. Polyubiquitination of PfPI3K and its binding to PfKelch13 were reduced by the PfKelch13 mutation, which limited proteolysis of PfPI3K and thus increased levels of the kinase, as well as its lipid product phosphatidylinositol-3-phosphate (PI3P). We find PI3P levels to be predictive of artemisinin resistance in both clinical and engineered laboratory parasites as well as across non-isogenic strains. Elevated PI3P induced artemisinin resistance in absence of PfKelch13 mutations, but remained responsive to regulation by PfKelch13. Evidence is presented for PI3P-dependent signalling in which transgenic expression of an additional kinase confers resistance. Together these data present PI3P as the key mediator of artemisinin resistance and the sole PfPI3K as an important target for malaria elimination.
Our previous work identified an important role for PI3P in protein export from the P. falciparum endoplasmic reticulum (ER) to the erythrocyte, at the early 'ring' stage of blood infection 11 . Consequently, a secretory reporter that binds PI3P remains in the ring ER but in absence of PI3P undergoes default secretion to the parasitophorous vacuole (PV). This yielded a cell-based screen for drugs that inhibit PI3P production ( Fig. 1a ). We were particularly interested in artemisinins because clinical resistance to them develops at the early ring stage 3 . Low nanomolar concentrations of dihydroartemisinin (DHA), the active form of all artemisinins block production of PI3P (Fig. 1a ). This effect is fast acting (within 30 min), reversed by washing out the drug and without effect on subsequent parasite growth (Extended Data Fig. 1a ). Wortmannin or LY294002, active against the sole parasite PfPI3K 12, 13 , but not the inactive LY303511 blocked PI3P production. Artemisinin and artesunate were also inhibitory (Extended Data Fig. 1b, c) , but deoxyartemisinin, anti-folates and aminoquinolines had no effect ( Fig. 1a and Extended Data Fig. 1b-e ). Biochemical analyses confirmed that DHA reduced mass PI3P levels and drug washout restored PI3P levels ( Fig. 1b) . Quantitative inhibition of immunopurified PfPI3K was achieved by 4 nM DHA but not by deoxyartemisinin ( Fig. 1c ). DHA at 10 mM failed to significantly inhibit 46 mammalian kinases, including its closest human orthologue VPS34 (a class III kinase; Fig. 1d and Extended Data Table 1 ) strongly supporting the conclusion that DHA is not a promiscuous kinase inhibitor.
In the absence of a crystal structure of PfPI3K, a computational model can provide structural hypotheses to help understand experimental results. We used homology modelling of PfPI3K and 20 ns molecular dynamics (MD) simulations 14 to study the binding of DHA and several structural analogues ( Fig. 1e -g, Extended Data Figs 2 and 3a and Supplementary Data 1). The model suggests polar contacts of DHA with the D1889 hydroxyl and the Y1915 lactol oxygen of PfPI3K at the binding site ( Fig. 1f ) as well as an excellent shape complementarity of DHA with PfPI3K at its hydrophobic region (Fig. 1g ). This is in agreement with the rapid inhibition of PfPI3K by DHA at nanomolar concentrations. MD simulation also rationalize the experimentally observed lack of inhibition of VPS34, mammalian class I or class II PI3 kinases by DHA (Extended Data Fig. 3b-d) . Artesunate (at high 10 mM concentrations) has been reported to inhibit activities of the PI3K-AKT pathway in mammalian systems [15] [16] [17] . However, whether this was due to direct inhibition of PI3K or AKT, the DHA metabolite or other indirect effects (such as high concentrations that far exceed inhibitory concentrations for malaria parasites) was not studied.
Together, the data in Fig. 1 suggest that DHA specifically targets PfPI3K. Yet GWAS studies suggest that .1,000 genes (including PfPI3K) show clinical resistance to artemisinins 6 ; moreover PfPI3K polymorphisms are not detected in all resistant strains. Rather, there is selective pressure in regions of chromosome 13 (refs 5, 9) and in particular pfkelch13 (refs 7, 8, 10) but the mechanism is unknown. The mammalian orthologue of PfKelch13 functions as a substrate adaptor for an E3 ubiquitin ligase 18 . The putative substrate binding domain of PfKelch13 shows characteristic 'Kelch' propeller domain 7, 18 ( Fig. 2a ) mutations in which associate with artemisinin resistance 7, 8, 10 . We hypothesized that mutations may decrease affinity for a protein substrate, thereby increasing its steady state levels by reducing ubiquitination and (proteosomal) degradation.
We tested whether changes in PfPI3K levels were associated with PfKelch13 mutations in clinical and engineered laboratory strains. Analysis of clinical isolates from Cambodia 19 (also see Methods) suggested a ,1.5-fold to twofold increase in PfPI3K levels in resistant versus sensitive strains ( Fig. 2b ). One sensitive clinical strain (ANL-7) contained the resistance mutation R539T: genome sequencing revealed it was not clonal suggesting contamination with a resistant parasite strain (data not shown). The PfKelch13 mutation C580Y was not present in clinical sensitive strains but detected in two of three resistant strains. C580Y was also recognized to be the most prevalent mutation in resistant populations 7, 8 and thus investigated further in two distinct laboratory strains. We used parasites with chromosomally inserted PfKelch13 C580Y in the P. falciparum NF54 (ref. 20) (Extended Data Fig. 4a ). Additionally, we expressed a HA-tagged form of PfKelch13 C580Y in a second strain 3D7 (Extended Data Fig. 4b and Extended Data Table 2 ). Both mutated strains showed twofold to threefold increase in levels of PfPI3K relative to their PfKelch13 WT counterparts ( Fig. 2c, d ) without changes in levels of PfKelch13 (Extended Data Fig. 4a, c) .
Further analysis revealed that immunopurified (IP) PfPI3K was bound to PfKelch13 WT and this was reduced by the C580Y mutation ( Fig. 2e ). K48-linked and atypical ubiquitination, both signals for proteosomal degradation were prominent in PfPI3K and concomitantly reduced by PfKelch13 C580Y . K63-linked ubiquitination 21 was not detected suggesting ubiquitination drives degradation rather than a change in cellular localization and endocytic trafficking and PfPI3K continued to be cytoplasmically distributed as seen in absence of mutation (Extended Data Fig. 1f ). Fragmentation detected in PfPI3K was diminished in presence of the C580Y mutation. Cleavage of the kinase began even before it was fully released from PfKelch13 WT and confirmed that lack of effect of PfKelch13 C580Y was due to its failure to bind PfPI3K (Fig. 2f ). Notably, Kelch adapters for E3 ligases are substrate specific and therefore our data well support the model in Fig. 2g . As PfPI3K is an early ring-stage target of artemisinins, elevation of the kinase and/or its products may provide a mechanism of artemisinin resistance at this stage. In an isogenic background, PfKelch13 mutation linked to resistance may increase levels of PfPI3K ( Fig. 2c ). Nonetheless equal amounts of PfPI3K across two distinct non-isogenic strains may not show equivalent activity for a variety of reasons, including different levels of precursor lipid substrate pools. We therefore examined whether PfPI3K activity, as measured by PI3P production provided a quantitative estimation of resistance across non-isogenic strains. PI3P can only be produced by (the sole) PfPI3K 12 . PI3,4P2 and PI3,4,5P3 (derived from PI3P) are both detected as minor fractions of the total cellular PI3P and under 1% in rings 12 the stage of clinical artemisinin resistance. Thus ring parasite PI3P levels directly reflect the activity of PfPI3K. Figure 3a a, SS-EEA1 WT -mCherry detects ring PI3P in punctate (ER) domains 11 . Mutant SS-EEA1 R1374A -mCherry secretes to the PV 11 (as measured by ring-stage survival assays (RSA) 22 ; Extended Data Fig.  5a ) in both clinical and genetically engineered laboratory strains.
To elevate PI3P in the absence of PfKelch13, we transgenically expressed human VPS34 ( Fig. 3b and Extended Data Fig. 5b-d ). Human VPS34 synthesizes only PI3P and in the absence of PfKelch13 mutation increased ring PI3P and resistance in two independent 3D7 transgenic lines (Pf VPS34-myc1 and Pf VPS34-myc2 ); but a catalytically inactive VPS34 or a control reporter had no effect ( Fig. 3c, d and Extended Data Fig. 5b-e ). Introduction of PfKelch13 WT into VPS34 transgenic parasites reduced PI3P and RSA while the PfKelch13 C580Y mutation reciprocally increased cellular PI3P and RSA levels ( Fig. 3c, d and Extended Data Fig. 5b-f ). The best fit line in Fig. 3d is closely comparable to that in Fig. 3a , suggesting the VPS34 transgenic lines remained responsive to PfKelch13. These data indicate that elevated PI3P levels confer artemisinin resistance ( Fig. 3e ). Notably, a ,2.5-fold increase in PI3P induced greater than one order of magnitude change in resistance suggesting that as PI3P is a signalling lipid, small changes in its levels may induce downstream activation of large amplitudes of resistance ( Fig. 3e ).
We next queried whether additional cellular components could also influence PI3P and RSA levels. PI3K-AKT is a primary signal transduction pathway in eukaryotes but its role is poorly understood in malaria parasites. In addition to PI3P, PfPI3K can also synthesize PI3,4,5P3 (ref. 12) , which in most cells is needed for activation of AKT 23 . P. falciparum has an orthologue of AKT (PfAKT/ PF3D7_1246900; Extended Data Fig. 6a ). However PfAKT appears different from its mammalian counterparts because it lacks a PH domain and a conserved Ser473. Rather unexpectedly, we found that DHA blocks cellular PfAKT activity ( Fig. 4a ) but did not inhibit purified PfAKT (Fig. 4b ). As it targets PfPI3K ( Fig. 1 ), we reasoned that in parasites DHA may block PfAKT through inhibition of PfPI3K. Although PfAKT lacks a PI3,4,5P3-binding PH domain, it may function through a calmodulin-binding PH domain protein 24 as PfAKT contains a calcium/calmodulin activator domain. As indicated earlier, low levels of PI3,4,5P3 are made by PfPI3K 12 (and in this regard, PfPI3K is also different from its closest homologue VPS34 which produces solely PI3P). Transgenic elevation of PfAKT (Extended Data Fig. 6b ) induced a ,1.8fold elevation of PI3P (presumably stimulated by feedback mechanisms)
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and RSA of 6.5, which is comparable to the resistance level seen in one of the clinically derived lines (ANL-4; Fig. 4c ).
Evidence that PfAKT is a major downstream effector of PfPI3K is still lacking. Nonetheless, the data suggest that secondary genes may influence levels of PfPI3K/PI3P product perhaps explaining why AKT (and other kinases) are also under artemisinin-selective pressure 6 . Differences between the pools of available substrates (phosphatidylinositol; PI, ATP) extent of ubiquitination (and additional unknown regulation) of PfPI3K may also be influenced by complex lipid, biosynthetic, transport and signalling networks (Fig. 4d ) that vary across genetic backgrounds. Therefore absolute levels of PfPI3K across non-isogenic strains may not provide an accurate measure of PfPI3K activity/PI3P product and artemisinin resistance. Genes involved in lipid uptake 25 are also implicated in resistance 6 and serum lipids are known to be essential for intracellular blood stage parasite growth 26 . This may explain the wide range of RSA values displayed by resistant, clinical strains and why two resistant strains like ANL-2 and ANL-4 bear the same mutation C580Y and equivalent levels of PfPI3K, but different amounts of PI3P product and thus different levels of resistance.
DHA has many other targets in the later trophozoite parasite stage [27] [28] [29] , but PfPI3K is the only known target in early ring stages: clinical resistance to artemisinins develops in early rings (and in absence of haemoglobin digestion associated with either late rings or trophozoites). The two most prevalent mutations (C580Y and R539T) associate with elevation of PI3P. All resistance mutations of PfKelch13 are limited to the Kelch propeller domain, suggesting they too regulate PfPI3K activity to contribute to differences in RSA. The molecular identities of other putative PfKelch13 targets and the ubiquitin ligase activity of the complex have yet to be investigated. PI3P may influence host remodelling, and functions of the apicoplast and food vacuole [11] [12] [13] as well as cell survival through redox, transcriptional and DNA repair pathways (grey arrows, Fig. 4d ), all of which have also been implicated in artemisinin resistance 5, 6, 9, 30 . Sustained, selective targeting of the PfPI3K and/or its regulation will be critical to developing new therapies that allow eliminating artemisinin resistance and rendering effective malaria control.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Cloning and generation of constructs for P. falciparum transfection. All constructs used for generating transgenic P. falciparum 3D7 parasites were assembled in different plasmids and finally cloned into pA150 or pA156 11 . This resulted in the expression of the proteins under the calmodulin (cam) promoter. The generation of constructs pA156 (SS-EEA1 WT -mCherry) and pA156 (SS-EEA1 WT -mCherry) have been described earlier 11 .
For the generation of constructs pA150 (PfKelch13 WT -HA), pfkelch13 (PF3D7_1343700) was amplified from P. falciparum genomic DNA using PfKelch13AvrIIF and PfKelch13HAXhoIR; digested with AvrII/XhoI and cloned into corresponding sites of pA150. The construct pA150 (PfKelch13 C580Y -HA) was generated using overlapping PCR strategy. Briefly, the products of PCR1 (using PfKelch13AvrIIF and C580Yreverse) and PCR2 (using C580Yforward and PfKelch13HAXhoIR) reactions were used as template for the overlapping PCR3 to generate full length pfkelch13 (with residues conferring C580Y mutation in the protein sequence), which was subsequently digested with AvrII-XhoI and cloned into pA150 to generate pA150 (PfKelch13 C580Y -HA).
The plasmid containing human VPS34 (Cat# SC118487) was purchased from Origene Inc. (Rockville, MD, USA). This was used as template to PCR amplify human VPS34 using HsVPS34AvrIIF and HsVPS34mycXhoIR that was subsequently digested and cloned to the AvrII/XhoI site of either pA156 (with bsd resistance cassette) or pA150 (with hdhfr resistance cassette) to generate pA156 (VPS34-myc1) and pA150 (VPS34-myc2), respectively. The construct pA150 (VPS34 MUTANT-myc1 ) was generated using overlapping PCR strategy. Briefly, the products of PCR1 (using HsVPS34AvrIIF and VPS34-742AAA745R) and PCR2 (using VPS34-742AAA745F and HsVps34mycXhoIR) reactions were used as template for the overlapping PCR3 to generate full length VPS34 mutant-myc1 (with residues 742 DRH 745 changed to AAA in the protein sequence), which was subsequently digested with AvrII/XhoI and cloned into pA150 to generate pA150 (VPS34 MUTANT-myc1 ).
The construct pA150 (PfAKT-GFP) was generated as follows. Briefly, the fulllength pfakt was amplified from P. falciparum genomic DNA using AKTAvrII_F and AKTBglII_R primers and cloned into AvrII/BglII site of pA150 (SSGFP) 11 . This resulted in an in-frame fusion with gfp at the 59 end.
A single amino acid mutation replacing cysteine at position 580 with tyrosine (C580Y) in PfKelch13 (PF3D7_1343700) was generated using CRISPR-Cas9 technology as described elsewhere 20 . Sequence analysis of pfkelch13 and pfpi3k polymorphisms in the clinical strains. Clinical strains were first propagated in tissue culture and genomic DNA isolated using Quick-gDNA Blood MiniPrep kit from ZYMO Research following manufacturer's instructions.
For the sequence analysis for polymorphism in pfkelch13, either the full length pfkelch13, the full-length gene was amplified using Kelch13_F and Kelch13_R primers, or specific regions were amplified using Kelch13-1, Kelch13-2, Kelch13-3, Kelch13-4, Kelch13-5 and Kelch13-6 primers and analysed.
To check for pfpi3k polymorphism in clinical strains, specific regions of pfpi3k were amplified using PfPI3K-I682T-F/ PfPI3K-I682T-R, PfPI3K-Q431K-F/ PfPI3K-Q431K-R, PfPI3K-Y1330C-F/ PfPI3K-Y1330C-F primer pairs and sequenced. Generation of anti-peptide antibodies. All anti-peptide antibodies were customgenerated by Thermo Scientific (Rockford, IL, USA). Antibodies against P. falciparum PI3K (PfPI3K, PF3D7_0515300) were generated in guinea pigs and rabbits against the C-terminal peptides CVDKLHEWALNWK and CVLKVQEKFRLD-LNDE, respectively. Antibodies were also custom-generated in rat, against the peptide RKRFDEERLRFLQEIDKI and corresponding to the amino acids 299-316 of PfKelch13 (PF3D7_1343700). Antibodies to BiP (PF3D7_0917900) were generated against the peptide DYFIKMFKKKNNIDLRTDKR corresponding to amino acids 261-280. For the generation of rabbit antibodies to PfAKT (RAC-beta serine/threonine protein kinase, PF3D7_1246900), amino acids corresponding to 229-246 (KKDKKIINLKKYNNAHRD) were selected. Antibodies were also custom-generated in rats, against the peptide REIVGDNTIEKKTEKALRE corresponding to amino acids 90-108 of PfExp-2 (PF3D7_1471100).
All guinea pig antibody generations involved collection of control sera on day 0 followed by immunization on day 1 with 0.1 mg of keyhole limpet haemocyanin (KLH)-conjugated peptide with complete Freund's adjuvant (CFA) subcutaneously at 4 sites. Booster immunizations were performed on days 21 and 42 with 50 mg of KLH-peptide with incomplete Freund's adjuvant subcutaneously. Test bleeds were checked by western blotting with uninfected and infected erythrocytes and corresponding animals were finally boosted again on day 62 followed by exsanguination bleed and peptide-affinity purification of the antibodies.
For antibody generation in rabbits, control sera was collected on day 0 and animals were immunized on day 1 with 500 mg of KLH-conjugated peptides subcutaneously at 10 sites. Animals were again boosted on days 14 and 28 with 250 mg antigen and sera collected on day 35 to check the reactivity. Finally, after a booster immunization of selected animals on day 56/58, production bleed was collected on day 72 and processed for peptide-affinity purification of the antibodies.
The reactivity of all custom-generated antibodies were confirmed by western blots using uninfected and infected red cells and used either for immunofluorescence, immunoprecipitation assays or western blot analyses. Parasite culture, transfection and live cell imaging. P. falciparum 3D7 parasites were propagated in A1 human erythrocytes (bought from Biochemed Services, Winchester VA, USA: protocol approved by the University of Notre Dame) in RPMI supplemented with 0.5% Albumax II, 0.2 mM hypoxanthine, 11 mM Glucose, 0.17% NaHCO 3 , 10 mg/ml gentamycin and maintained at 37uC in 5% C0 2 in a humidified incubator. Synchronous P. falciparum 3D7 parasites in culture were transfected with indicated plasmids by standard procedures as described earlier 11 . Forty-eight hours after transfection, the cultures were selected either with 2.5 nM WR99210 (Jacobus Pharmaceuticals; for transfections involving pA150) or 1 mg ml 21 blasticidin hydrochloride until stable cells lines were obtained. Cultureadapted, clinical field strains of P. falciparum as well as NF54 parasites expressing PfKelch13 WT and PfKelch13 C580Y (ref. 20) were propagated in the same media at 37 uC in 90% N 2 , 5% 0 2 and 5% C0 2 in a humidified incubator. Cultures were monitored daily by Giemsa staining of methanol-fixed smears and fed as necessary. Parasitemia were usually maintained below 12% for healthy culture growth. Patient sample collection and short term cultures. After hospital admission and informed consent, 10 ml of whole P. falciparum-infected blood was drawn from adults at multiple field sites in western Cambodia. White blood cells were removed over a CF11 column. The infected red blood cells were subjected to short term in vitro culture in RPMI1640 containing 20% human serum or Albumax II (0.5%) for a maximum of eight weeks. This study was approved by the Oxford Tropicalmedicine Research Ethical Committee (OXTREC) as well as the Ministry of Health in Cambodia; the trial was registered under NCT00493363. The study was also approved by the University of Notre Dame. Treatments with PI3K inhibitors, wortmannin, LY294002, the inactive orthologue LY303511 and artemisinins. Highly synchronized parasites at schizont stages from P. falciparum 3D7 (transgenically expressing secretory SS-EEA1 WT -mCherry) were purified using percoll density gradients. Purified schizonts were then allowed to invade fresh batch of red blood cells for 6 h. The resulting intracellular rings were exposed to mock treatment (0.1% DMSO) or the following compounds: wortmannin, LY294002, inactive LY294002 analogue LY303511 (from Selleckchem), artemisinin, artesunate or dihydroartemisinin (DHA) (from Sigma-Aldrich) at the indicated concentrations in DMS0 (0.1%). Drug treatments were carried out as indicated for 30 min or 4 h. Cells were subsequently processed for live cell imaging, immunofluorescence assay (IFA) and western blotting. Drugs were removed by washing thrice with serum-free RPMI, and infected erythrocytes were imaged after 1 h. In addition, where indicated parasite growth in culture was monitored 24 h later in Giemsa smears. Imaging of live and cells by fluorescence microscopy and quantitative analyses. For live cell imaging, parasites were processed as described previously 31 . In both live and fixed cells, the parasite nuclei were stained with Hoechst 33342 and cells were imaged with a 3100, NA 1.4 objective on an Olympus IX inverted fluorescence microscope with a temperature controlled stage and a Photometrix cooled CCD camera (CH350/LCCD) driven by DeltaVision software from Applied Precision (Seattle, WA).
Quantitative analysis for the fraction of perinuclear SS-EEA1 WT -mCherry fluorescence was undertaken using DeltaVision software. Briefly, consecutive 0.2 micron optical z-sections per cell were observed for either perinuclear/ER-like fluorescence pattern or peripheral/PV-like pattern under control or drug-treated condition and represented graphically. 400 optical sections were quantified per treatment (10 in-focus optical sections of the parasite per infected cell). While perinuclear/ER fluorescence was an indication of no observable effect on the PI3P level, peripheral/PV fluorescence was an indication of a reduction in PI3P level on drug treatment. Immunoprecipitation of PfPI3K and PI3-kinase assay. PfPI3K (PF3D7_0515300) was immunoprecipitated from parasite stocks previously frozen at 280uC. Proteins were extracted 1 h at 4 uC using extraction/lysis buffer containing 10 mM Tris. HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, 1% Triton X-100, 100 mM sodium orthovanadate, 20 mM sodium fluoride, 20 mM b-glycerophosphate, and 13 protease inhibitor cocktail, Roche Diagnostics; 10% glycerol). After removal of insoluble debris, the extract was incubated with guinea pig anti-PfPI3K for 12 h at 4 uC. Protein A agarose beads (pre-equilibrated in lysis buffer) was then added and additionally incubated for 6 h. Immune complexes bound to beads were extensively washed with extraction buffer. PfPI3K-bound beads were either processed for western blotting or kinase activity assay. For western blotting beads were directly boiled in reducing SDS-PAGE sample buffer, resolved by SDS-PAGE and probed with rabbit anti-PfPI3K. Kinase assay of PfPI3K in RESEARCH LETTER immunoprecipitated beads was measured using Class III PI3-Kinase kit from Echelon Biosciences (K-3000) following the manufacturer's instructions. Mean (s.d.) from three experimental replicates, each containing duplicate data points are shown. Mammalian kinase assays. The kinase activity of mammalian kinases was performed by Life Technologies (Grand Island, NY, USA) in the absence or presence of 10 mM DHA, through SelectScreen Biochemical Kinase Profiling Service, and expressed as percentage inhibition. Immunolocalization by indirect immunofluorescence assays (IFA). Indirect immunofluorescence assays (IFAs) were performed on non-transfected P. falciparum 3D7 or transgenic parasites fixed with glutaraldehyde/paraformaldehyde as described previously 32 using the following antibody concentrations-rabbit anti-PfPI3K (custom-made, 20 mg ml 21 ), guinea pig anti-Exp-2 (custom-made, 20 mg ml 21 ) and mouse anti-myc antibodies from Abcam (Cambridge, MA, USA). The appropriate FITC-or TRITC labelled secondary IgG antibodies (ICN Biochemicals) were used at 1:200 dilution. Parasite nuclei were stained with 5 mg ml 21 Hoechst 33342 (Molecular Probes) and slides were mounted with DABCO. Immunoprecipitation and western blotting. PfPI3K was immunopurified from P. falciparum 3D7 transgenic parasites (3D7-PfKelch13 WT -HA and 3D7-PfKelch13 C580Y -HA) using guinea pig anti-PfPI3K as described above. Immunoprecipitations using Protein A agarose beads were used as negative control. Western blots were subsequently performed using custom-generated rabbit anti-PfPI3K, rat anti-PfKelch13 antibodies, commercial rabbit anti-polyubiquitin (MBL-PW8810), K48-linkage specific polyubiquitin (Cell Signaling Technology-4289S), K63-linkage specific polyubiquitin (Cell Signaling Technology-5621S) or mouse monoclonal anti-HA tag antibody from (Abcam-ab18181) antibodies.
To measure the relative amount of PfPI3K expression in P. falciparum 3D7 and clinical isolates, 4 3 10 6 infected erythrocytes permeabilized with 0.01% saponin followed by extensive washing with PBS to remove haemoglobin. Cells were the solubilized in Laemmli's sample buffer, resolved by SDS-PAGE and western blotting performed using guinea-pig anti-PfPI3K, followed by HRP-conjugated donkey-anti guinea pig antibodies from Jackson ImmunoResearch (West Grove, PA, USA). Blots were developed using chemiluminescence assay kit from Thermo Scientific (Rockford, IL, USA). Antibodies to the parasite protein PfFKBP served as a loading control. The intensities of PfPI3K and PfFKBP signals were quantitated by densitometry and expressed as a ratio.
The relative amount of PfPI3K expression in the transgenic parasites NF54-PfKelch13 WT , NF54-PfKelch13 C580Y , 3D7-PfKelch13 WT -HA and 3D7-PfKelch13 C580Y -HA was measured by resolving the saponin-permeabilized pellet from 2 3 10 7 parasites by SDS-PAGE and western blotting using guinea pig anti-PfPI3K followed by HRP-conjugated donkey-anti guinea pig antibodies and chemiluminescence detection. Antibodies to parasite proteins BiP and PfFKBP were used as loading controls. Antibodies to BiP were custom generated, while antibodies to PfFKBP were kindly provided by Nirbhay Kumar. The intensities of PfPI3K and PfFKBP signals were quantitated by densitometry and expressed as a ratio.
Transgenic P. falciparum 3D7 parasites, either expressing myc-tagged VPS34 (VPS34-myc1 and VPS34-myc2), those expressing PfKelch13 WT -HA/ PfKelch13 C580Y -HA, as well as those expressing PfKelch13 WT -HA/ PfKelch13 C580Y -HA in VPS34-myc1 background were also checked for the expression by western blotting. Primary antibody either involved mouse antimyc antibodies from Abcam (Cambridge, MA, USA) or rabbit anti-HA antibodies (Thermo Fisher Scientific, Grand Island, NY, USA), followed by HRP-conjugated secondary antibody from Bio-Rad (Hercules, CA, USA). Blots were developed using chemiluminescence detection kit. Antibodies to parasite PfFKBP or BiP were used as loading controls.
Expression of SS-EEA1 R1374A -mCherry was detected using Living Colours polyclonal rabbit anti-DsRed2 (Clontech, Mountain View, CA, USA).
Expression of PfAKT-GFP in transgenic parasites was confirmed by western blotting of uninfected erythrocytes, non-transfected 3D7 parasites and transgenic (PfAKT-GFP) parasites, using rabbit anti-GFP antibodies from Thermo Fisher Scientific (Grand Island, NY, USA) and HRP-conjugated secondary goat antirabbit antibodies from Bio-Rad (Hercules, CA, USA). Antibodies to parasite PfFKBP and human band 3 were used as loading controls. Model building, docking and molecular dynamics (MD) simulations. The homology model of P. falciparum PfPI3K was build based on the structure of the class III PI3-kinase from Drosophila (PDB code 2X6F) 33 , using the multiple threading alignment in I-TASSER 34, 35 using additional information for the definition of the active site from the structure of the human class III PI3K (PDB code 3IHY).
The known PI3K inhibitor, LY294002 (ref. 36 ) was docked to the model using GlideXP 37 to generate the starting structure for model refinement. The initial structure for the PI3K-dihydroartemisinin (DHA) complex was generated by removing the LY294002 ligand from the refined structure and docking DHA to this model using GlideXP.
This model of PfPI3K then served as the initial structure for 20 ns MD simulations. The model in these simulation consisted of the protein, surrounded by a periodic box of TIP3P 38 water molecules that extended 10 Å from the protein. Na 1 counter ions were placed by the LEaP module of AMBER12 39 to neutralize the system. Ionizable residues were set to their normal ionization states at pH 7.
The MD simulations were carried out using the PMEMD module of AMBER12 (ref. 39) . The protein was modelled using the ff03.r1 version of the AMBER force field while the DHA ligand was represented by the GAFF force field 40, 41 . Atomcentred partial charges were generated based on B3LYP/6-31G* optimized geometries using RESP 42, 43 as implemented in the antechamber module of AMBER12. A time step of 2 fs, combined with the SHAKE algorithm 44 to constrain all bonds involving hydrogen atoms, was chosen. A non-bonded cutoff of 10.0 Å was used, and the non-bonded pair list was updated every 25 time steps.
The temperature (300 K) and pressure (1 atm) of the NPT ensemble were controlled by Langevin dynamics and isotropic position scaling 45 respectively. Long-range interactions were treated by the Particle-Mesh-Ewald (PME) 46, 47 methods with a grid spacing of ,1 Å and a fourth-order B-spline interpolation to compute the potential and forces in between grid points. The trajectories were analysed using the PTRAJ module of AMBER12. The model of the PfPI3K-DHA complex was simulated analogously for a total time of 20 ns.
The same MD protocol was used for the study of the complexes of artelinic acid, artemisone, and deoxyartemisinin in the PfPI3K model as well as DHA in VPS34 and p110c. In short, initial structures were generated by docking of the small molecules to the PfPI3K model, human VPS34 (PDB code 3IHY), and human p110c (PDB code 4ANV). After manual inspection of the generated poses, the initial models were subjected to 20 ns MD simulations as described above. Assay for measuring cellular and immunoprecipitated PfAKT activity. P. falciparum 3D7 early-ring stage parasites were synchronized by sorbitol treatment and exposed either to mock treatment: 0.1% DMSO (control/mock) or 4 nM DHA for 3 h. An aliquot was washed using serum-free RPMI and returned to culture for 6 h (washout). AKT activity was measured in mock-treated, 4 nM DHA-treated and post-washed DHA treated cells (4 3 10 7 ) using the K-LISA Akt Activity Kit (CBA019) from Calbiochem (Darmstadt, Germany) following manufacturer's instructions. Briefly, phosphorylation of AKT biotinylated peptide substrate was detected with phosphoserine antibodies. Serial dilutions of active human Akt1/PKBa (Millipore) were used as standard and absorbance read at 450 nm on a plate reader. Mean (s.d.) from three experimental replicates, (each with triplicate data points) are shown.
Endogenous PfAKT was also immunopurified from P. falciparum 3D7 following saponin treatment (as described earlier) and the resulting parasite pellet extracted with extraction buffer (25 mM Tris.HCl pH 8.0, 150 mM NaCl, 1% (v/v) Triton X-100, 1% (w/v) deoxycholate-Na, 2 mM EDTA containing complete protease inhibitor for 1 h at 4 uC. PfAKT was immunopurified using 10 mg of custom-generated antibodies (for 2 h at 4 uC, under shaking conditions) followed by protein A agarose beads for 1 h. Protein A agarose beads incubated with parasite lysate in absence of antibodies served as negative control. Immunopurified PfAKT-beads and control beads were extensively washed in PBS, pH 7.4 and processed further for the measurement of activity in the absence or presence of 4 nM DHA as described previously. Immunoprecipitation was also confirmed by western blotting using anti-PfAKT antibodies. Measurement of PI3P level in clinical and laboratory strains. Early ring stage parasites from P. falciparum 3D7 laboratory strains (non-transfected or transgenic) and clinical strains were tightly synchronized with sorbitol treatment and lysed with saponin to remove haemoglobin. Resulting pellets (corresponding to 6 3 10 7 parasites) were washed with PBS. Lipids were extracted and PI3P level assessed (in triplicates) using Echelon PI3P Mass ELISA Kit (K-3300) following the manufacturer's instructions.
PI3P level was also measured in 3D7 parasites under control condition, after 3 h treatment with 4 nM DHA, as well as after 6 h in culture following DHA washout. Mean (s.d.) from three experimental replicates, (each with triplicate data points) are shown. Ring-stage survival assay (RSA). In vitro RSA was assessed as described by elsewhere 22 . Briefly, tightly synchronized early ring parasites (0-3 h post-invasion) were exposed to 700 nM DHA or 0.1% DMSO (control) for 6 h, washed thrice with serum-free RPMI and returned to culture for 66 h. Blood smears were prepared and stained with Giemsa. Each sample was done in duplicate and 10,000 erythrocytes were assessed independently by light microscope. Parasite survival rates (%RSA) were expressed as a percentage by comparing the number of viable parasites between the drug-treated and untreated control. Mean (s.d.) of RSA based on four replicated carried out by two independent laboratory personnel. Due to the lack of the hydroxyl group in artelinic acid and artemisone, no interactions involving D1889 and Y1915 were observed. Instead, the carboxylic group of artelinic acid forms a salt bridge with R1368 and the sulfone moiety of artemisone interacts with R1368. Deoxyartemisinin lacks hydrogen bond donors, so D1889 is not involved in protein-ligand interaction. Instead, the carbonyl oxygen of deoxyartemisinin forms a hydrogen bond with Y1915. Boxed inset shows the change in the overall shape due to the replacement of the endoperoxide with an ether bridge in deoxyartemisinin (green) and compared to DHA (red), thus leading to loss of the shape complementarity and reorientation in the binding site. As shown in Fig. 1a , c, deoxyartemisinin failed to block PI3P production, in transgenic 3D7 parasites expressing SS-EEA1 WT -mCherry (red) or purified PfPI3K. Thus, modelling studies explain a lack of effect of deoxyartemisinin. They would also suggest lack of effect of artelinic acid and artemisone compounds on PfPI3K. It should be noted the target of these compounds is unknown and it remains unclear whether they would share a ring stage target with DHA important for clinical resistance to artemisinins. b, Snapshots of MD simulation of DHAhuman VPS34 complex. The initial coordinates of DHA-human VPS34 complex was obtained by the overlay of DHA…PfPI3K model (Extended Data Fig. 2b ) with the human VPS34 crystal structure (PDB: 3IHY). The obtained complex was then subjected to 20 ns MD simulations. As can be seen, DHA does not interact with D644 and Y670, which correspond to D1889 and Y1915 in PfPI3K, respectively. Instead, the hydroxyl group of DHA now interacts with D761 (left). Snapshot at the right shows an overlay of DHA…human VPS34 complex with the PfPI3K model. In human VPS34 (grey), the loop that contains the D761 residue bends down to interact with DHA. In contrast, D2008 of PfPI3K (cyan), which is in the same position as D761 in human VPS34, has a different orientation which makes it unable to interact with DHA. c, Both D1889 and Y1915 in PfPI3K are conserved in human PI3K p110c. 20 ns MD simulations of the DHA …p110c complex (PDB code 4ANV), reveal that although the hydrogen bond between DHA and D841 still remains, the interaction between DHA and Y867 is lost. This suggests a weaker binding of DHA to p110c compared to PfPI3K. The same argument can be made of p110d based on sequence homology, but no crystal structure of human p110d is available. d, Partial sequence alignment of PfPI3K, with human PI3K-C2a, PI3K-C2b, p110d, p110c and VPS34. The key residues of PfPI3K (D1889 and Y1915) that interact with DHA and similar positions in the human kinases are coloured red. While D1889 in PfPI3K is conserved in both PI3K-C2a and PI3K-C2b, Y1915 in PfPI3K is replaced by F1172 and F1117 in PI3K-C2a and PI3K-C2b, respectively. Therefore, the hydrogen bond of the hydroxyl group in Y1915 suggested to be crucial in the computational analysis of PfPI3K cannot be formed with phenylalanine (F). AS far as we are aware, no crystal structures of PI3K-C2a and PI3K-C2b have been reported. In p110d, p110c and VPS34, a proline N-terminal to Y1915 is conserved. It is likely the reason for the different position and low flexibility of this loop observed in the MD simulations of p110d, and VPS34.
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Extended Data Figure 4 | Transgenic P. falciparum expressing PfKelch13 C580Y mutation in two different strains of P. falciparum using distinct approaches and markers. a, Strategy 1: CRISPR-Cas9 used to introduce a single point mutation in the P. falciparum NF54 genome as described elsewhere 20 . Both parent and mutant strains were sequenced to ensure that the only change detected was PfKelch13 C580Y . Western blots using anti-PfKelch13 antibodies confirm that mutation does not change the level of PfKelch13 protein. b, Strategy 2 expresses a dominant negative PfKelch13 C580Y and wild-type PfKelch13 WT tagged with HA, and driven by the constitutive cam promoter in P. falciparum 3D7. Western blots confirm that anti-HA antibodies detected tagged forms of PfKelch13 in transfected but not non-transfected 3D7. Comparable levels of wild-type and mutant transgenes are expressed in resulting two strains of parasites (as shown). In a and b, BiP, an ER marker serves as a parasite loading control in western blots. Molecular weight standards (in kDa) are as indicated. c, Western blot indicate that antibodies to PfKelch13 specifically recognize a ,83 kDa protein in infected (IE) but not uninfected erythrocytes (U). Molecular weight standards (in kDa) are as indicated. In a-c, data are representative of three experimental replicates; raw data are in Supplementary Data 2.
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